Heat waves and droughts are a key risk to global crop production and quantifying the 8 extent of this risk is essential for insurance assessment and disaster risk reduction. Here 9 we estimate the cumulative production losses of six major commodity groups under both 10 extreme heat and drought events, across 131 countries, over the time period of 1961-11 2014. Our results show substantial variation in national disaster risks that have hitherto 12 gone unrecognised in regional and global average estimates.
provides the basis for country relevant disaster risk reduction .  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38 Our results show substantial variation in national responses to heat and drought ( Figure  85 1). The largest drag from heat and drought for cereals were observed in Botswana (5.7%), 86 followed closely by the USA (4.4%), Australia (4.4%), and Angola (4.1%). There are a 87 few things to note about these losses. First, these national losses deviate markedly from 88 the global loss estimate. Second, there are some countries where the production losses 89 under heat and drought events are close to the null distribution for these types of disasters 90 (e.g. Botswana), and others where associated losses fall far outside the natural variation 91 in production (e.g. Angola and USA; Figure 1A ). This illustrates that the perception of 92 heat and drought disaster risk is likely to greatly depend on the other factors that drive 93 inter-annual production variation within each country. Information). Losses were also not evenly distributed across commodity types, with the 122 vast majority being due to cereals ($190 billion), and the remaining allocated to pulses 123 ($3.4 billion), oilcrops ($19 billion), roots and tubers ($9.3 billion), fruits ($12 billion) 124 and vegetables ($2.1 billion). These monetary impacts show substantial bias for losses 125 toward countries holding the world's major breadbaskets, and towards crops that make up 126 most of human calorific intake. These figures highlight the potential economic 127 opportunity from reducing vulnerability and exposure to extreme heat and drought events 128 in arable agriculture. 
Data sets 243
Three open source data sets were used in the analysis presented here. We obtained 244 records of extreme weather disasters from the EM-DAT CRED International Disaster 245 Database (http://emdat.be/), and crop production and gross production value data from 246 the United Nations Food and Agricultural Organization's FAOSTAT database 247
(http://www.fao.org/faostat/en). We processed the data to maintain continuity in 248 geographic boundaries over time (e.g., aggregating data from 1992 onward to the Former 249 Soviet Union). We matched the production data to the countries and year of recording 250 present in the disaster database. 251
252

Disaster impacts 253
To identify the impact of heat and drought events on production for each of the six 254 commodities for each country, we constructed a counter factual production in disaster 255 years and compared it to the observed production in those years. To do this we created heat and drought events for each country and commodity, !,! , was then estimated by 263 summing the differences between the observed production and the counterfactual for all 264 disaster types,
. The cumulative impact during heat and 265 drought events for each country for each commodity, !,! was then estimated as !,! = !,! 266 / ( !,! + !,! ), where !,! is the sum of observed production for a given country and 267 commodity over the study period,
, where n is the length of 268
. Thus, !,! , identifies the percent loss or gain in crop production for a given country and 269 commodity, over the study period, against a counter factual in which the disaster did not 270 occur. 
Null distributions 275
To identify if the production deviations in !,! were no different from what would be 276 expected in years in which heat or drought disasters did not occur, we calculated the null 277 distributions for each element of !,! , by running a 1000 simulated histories. We first set 278 production values in real disasters years to null values. Then, for each of the 1000 279 simulations, we randomly generated three fake disaster occurrences to occur in each 280 country (the median number of heat and drought disasters occurring over the 1961-2014 281 across countries was 4, and the range was 1-25). We used these fake disasters to create 282 two more complementary 3D arrays, !!!:!"!,!!!:!",!!!:! and !!!:!"!,!!!:!",!!!:! , 283
containing the national level production data for fake disaster and non-disaster years 284 respectively. Counter factual production for fake disaster years was estimated by linearly 285 interpolating between ! ′ to create a new array !,!,! . The loss or gain during fake 286 disasters for each country and commodity, !,! , was then estimated by summing the 287 differences between the observed production and the counterfactual, 288
The cumulative impact of fake disasters for each country 289 for each commodity, !,! was then estimated as !,
falling outside the bounds of the distribution of !,! highlight the countries and 291 commodities that show cumulative deviations in production during heat and drought 292 years that are more extreme than deviations in years in which heat and drought events did 293 not occur. 294
295
Monetary impacts 296
To estimate the total value of crop production for each commodity and country in our 297 analysis, !,! , we retrieved the annual Gross Production Value (constant 2004-2006 298 terms) for each of commodity and country, and summed these for the years 1961-2014.
299
To estimate the cost of heat and drought events for each country and commodity, !,! we 300 then multiplied the values of production, by the percent loss or gain in crop production 301 for a given country and commodity against the counter factual !,! = !,! • !,! .Thus, !,! 302
indicates the dollar value of production that might have been obtained if heat and drought 303 events did not occur for a given country and commodity, under the assumption of linear 304 pricing with respect to supply. We summed over all commodities, k, to estimate the net 305 impact of heat and drought events on a country basis .  306  307  308  309  310  311  312  313  314  315 
